Oxidative stress contributes to the loss of neurons in many disease conditions as well as during normal aging; however, small-molecule agents that reduce oxidation have not been successful in preventing neurodegeneration. Moreover, even if an efficacious systemic reduction of reactive oxygen and/or nitrogen species (ROS/NOS) could be achieved, detrimental side effects are likely, as these molecules regulate normal physiological processes. A more effective and targeted approach might be to augment the endogenous antioxidant defense mechanism only in the cells that suffer from oxidation. Here, we created several adeno-associated virus (AAV) vectors to deliver genes that combat oxidation. These vectors encode the transcription factors NRF2 and/or PGC1a, which regulate hundreds of genes that combat oxidation and other forms of stress, or enzymes such as superoxide dismutase 2 (SOD2) and catalase, which directly detoxify ROS. We tested the effectiveness of this approach in 3 models of photoreceptor degeneration and in a nerve crush model. AAV-mediated delivery of NRF2 was more effective than SOD2 and catalase, while expression of PGC1a accelerated photoreceptor death. Since the NRF2-mediated neuroprotective effects extended to photoreceptors and retinal ganglion cells, which are 2 very different types of neurons, these results suggest that this targeted approach may be broadly applicable to many diseases in which cells suffer from oxidative damage.
Introduction
Oxidative stress has been observed in many degenerative conditions as well as in normal aging. This type of stress leads to damaged proteins, nucleic acids, and lipids, and thus it is not surprising that oxidative stress has been shown to contribute to pathology in multiple instances (1) (2) (3) . These findings have made oxidative stress an attractive therapeutic target. However, present approaches to reduce oxidative damage, such as providing high doses of exogenous antioxidants, have demonstrated little therapeutic efficacy in clinical trials (4) (5) (6) (7) . Limited clinical success does not argue against oxidative stress as a contributor to pathogenesis, but rather that a small-molecule approach to reduce oxidation may not be an appropriate one. Few synthetic antioxidants reach a high steadystate systemic level, particularly in the nervous system, where the blood-brain barrier limits access (8) . Moreover, even if high levels can be achieved and sustained, reducing reactive oxygen and nitrogen species (ROS/NOS) systemically may be too blunt a strategy, as these molecules have normal physiological roles in signaling, in addition to their pathological effects (9) . Local antioxidant therapy utilizing the genes that normally combat oxidative damage has the potential to provide a more specific and effective approach.
Antioxidative proteins can be categorized into 2 groups based on their function. One group comprises the ROS-detoxifying enzymes, including superoxide dismutases (SODs), glutathione peroxidases (GPXs), and catalase. They can clear specific ROS from different cellular compartments and are among the most potent enzymes known. For example, SOD2 converts superoxide radicals (O 2 -), the major form of ROS in living cells, into H 2 O 2 and O 2 in mitochondria, while catalase removes H 2 O 2 generated during lipid breakdown in peroxisomes. These enzymes are normally expressed in all cells and are subject to transcriptional regulation, which is executed by the other group of antioxidant proteins, transcription factors (TFs) such as peroxisome proliferator-activated receptor γ coactivator 1-α (PGC1a) and nuclear factor erythroidderived 2, like 2 (NRF2, also known as NFE2L2) (10, 11) . PGC1a and NRF2 are 2 master TFs that globally regulate antioxidant defense responses. PGC1a is a multifunctional transcriptional coactivator that also regulates mitochondrial biogenesis and respiration (12) . NRF2 boosts the expression of many detoxifying, cytoprotective, and antiinflammatory genes by binding to the antioxidant response element (ARE) in their regulatory regions (13) . NRF2 acts via an "on-demand" mechanism that is mediated by cytoplasmic suppression by KEAP1 under physiological conditions, with nuclear accumulation upon stimulation by oxidation (14) . Both groups of antioxidant genes have been proposed as therapeutic candidates, e.g., for neurodegenerative disorders, diabetic complications, and cardiovascular diseases, with the hope that the enzymes would be more specific, generating fewer side effects than chemical antioxidants, and that the TFs would provide a broad defense by activating hundreds of genes (15) (16) (17) . However, only a few studies have been conducted to test this therapeutic strategy by gene delivery via viral vectors in animal models in vivo (18) (19) (20) (21) (22) (23) (24) (25) , and no studies have compared the effectiveness of the enzymes versus the TFs, or NRF2 versus PGC1a.
Oxidative stress contributes to the loss of neurons in many disease conditions as well as during normal aging; however, small-molecule agents that reduce oxidation have not been successful in preventing neurodegeneration. Moreover, even if an efficacious systemic reduction of reactive oxygen and/or nitrogen species (ROS/NOS) could be achieved, detrimental side effects are likely, as these molecules regulate normal physiological processes. A more effective and targeted approach might be to augment the endogenous antioxidant defense mechanism only in the cells that suffer from oxidation. Here, we created several adeno-associated virus (AAV) vectors to deliver genes that combat oxidation. These vectors encode the transcription factors NRF2 and/or PGC1a, which regulate hundreds of genes that combat oxidation and other forms of stress, or enzymes such as superoxide dismutase 2 (SOD2) and catalase, which directly detoxify ROS. We tested the effectiveness of this approach in 3 models of photoreceptor degeneration and in a nerve crush model. AAV-mediated delivery of NRF2 was more effective than SOD2 and catalase, while expression of PGC1a accelerated photoreceptor death. Since the NRF2-mediated neuroprotective effects extended to photoreceptors and retinal ganglion cells, which are 2 very different types of neurons, these results suggest that this targeted approach may be broadly applicable to many diseases in which cells suffer from oxidative damage.
NRF2 promotes neuronal survival in neurodegeneration and acute nerve damage been observed in such conditions, and thus antioxidation strategies may prove beneficial for these cases as well (33) (34) (35) . Whereas photoreceptor cells are highly specialized and unusual neurons, retinal ganglion cells (RGCs) are more typical of the types of CNS projection neurons that suffer damage in acute crush injuries. They have long axons that project to distant targets, as do spinal cord motor neurons. A popular way to model nerve crush damage is to sever the optic nerve, and thus the RGC axons, whereupon the RGCs die within 2 weeks (36) (37) (38) (39) . This then provides an excellent model of axonal injury. Using adeno-associated virus (AAV) vectors, we delivered SOD2, catalase, PGC1a, and NRF2, in combination or separately, to cone photoreceptors of 3 different RP mouse models and to RGCs suffering from a nerve crush. We found that antioxidant AAV vectors can slow down cone degeneration and preserve cone morphology in mouse models of RP. Overexpression of NRF2 alone exhibited the most potent rescue effect, while overexpression of PGC1a had an unexpected detrimental effect. Overexpression of SOD2 plus catalase, or overexpression of NRF2 alone, effectively preserved the survival of RGCs following nerve crush. These results demonstrate that AAV-mediated antioxidant gene therapy, particularly with NRF2, may be an effective treatment for multiple cell types across a broad spectrum of diseases that involve oxidation.
Results
Expression of antioxidative enzymes in RP mouse models. In WT retinae, photoreceptors express high levels of antioxidant enzymes, including SOD2 and GPX1, which concentrate in their inner segments (ISs) (Figure 1 , B-E). These observations are in keeping with the fact that the ISs of photoreceptors have a notably high density We developed and compared gene therapies using different antioxidant genes, SOD2/catalase, PGC1a, and NRF2 in murine models of an inherited retinal degeneration disease, retinitis pigmentosa (RP), as well as in a model of nerve crush damage. The key neuronal cell type that undergoes degeneration in most inherited forms of blindness is the cone photoreceptor, which mediates high-acuity and color vision (26) . Such inherited diseases are genetically heterogeneous, with at least 60 loci identified in humans for RP, one of the more common forms of inherited blindness (27) . Most of the RP genes primarily or exclusively affect the rod photoreceptor, which mediates vision in low light conditions. RP thus first manifests as reduced or absent night vision, as rods are dysfunctional and typically die early during the course of the disease (28) . Following rod death, cones lose activity and degenerate, resulting in the progressive loss of daylight vision. Although not all of the mechanisms that lead to the nonautonomous cone death are known, one contributor is oxidative stress. Cones have been shown to have oxidized lipids, nucleic acids, and proteins in RP (29, 30) . Oxidative stress has been linked causally to the death of cones in RP, as transgenic overexpression of antioxidant enzymes or repeated injections of antioxidants have been shown to slow down cone degeneration in RP mouse models (30, 31) . The fact that there are so many disease genes for RP and that cones are not directly affected by the disease genes, but rather are killed by a nonautonomous effect(s), argues for a generic therapeutic approach to enhance cone survival. An effective antioxidation strategy might provide one such generic approach.
Neurons are also very sensitive to damage to their axons, as occurs in spinal cord injury or in pathologic conditions that increase pressure, e.g., glaucoma (32) . Oxidative damage also has ure 4). In fact, GFP expression was so bright and persistent in cones (more so than was opsin protein expression or peanut agglutinin [PNA] staining) that it could be used to track cone survival in diseased retinae at the late stages of degeneration assayed here (Figure 2 , D-F). The CMV promoter was thus chosen due to its high activity in cones, as well as for potential additional benefits due to expression in other cell types. To test whether it is possible to mix vectors for combinatorial gene therapy, we further measured the coinfection rate of an AAV-CMV-GFP (referred to hereafter as AAV-GFP) vector and an AAV-tdTomato (referred to hereafter as AAV-tdTomato) vector. The percentage of cones colabeled by GFP and tdTomato was as high as 90% when the titer of each virus was higher than 2 × 10 12 gc/ml, which was then set as the concentration for the AAV vectors that were used in the study (Supplemental Figure 5) .
Next, we created an AAV vector encoding SOD2 and catalase. Catalase, a peroxisomal protein, was rerouted to mitochondria (31) , where it, together with SOD2, can clear superoxide radicals (O 2 -), the main ROS generated during oxidative phosphorylation in the mitochondria. We made and compared 2 sets of vectors. A single AAV vector (AAV-SOD2-2A-Cat) ( Figure 3A ) that encodes both antioxidant enzymes was made, and an AAV-GFP vector was added at a 1:1 ratio to track infection. In the second set, each gene was encoded by a single AAV vector that also expressed GFP, with GFP expression directed by an IRES element (AAV-SOD2-IRES-GFP and AAV-CAT-IRES-GFP). For both strategies, animals injected with the AAV-GFP vector alone served as the controls. We found that the vectors utilizing an IRES element did not yield high GFP expression, while the combination strategy with separate AAV vectors for each gene produced a high level of expression of GFP and of the antioxidant enzymes, as revealed by IHC on retinal sections (data not shown). We thus used a combination of vectors, with each encoding a single gene for all subsequent experiments. Expression of SOD2 and catalase in GFP + cells was confirmed by immunostaining for the proteins, and their expression remained robust even at the late stages of degeneration ( Figure 3 , B-I).
Prolonged cone survival in retinae treated with AAV expressing SOD2 and catalase. We began by evaluating whether overexpression of SOD2 and catalase affected cone survival in rd1 mice, an RP model with a defective phosphodiesterase β gene that results in early-onset, and rapid, degeneration (47) . In rd1 mice, rods were almost all dead by 3 weeks after birth, and cone death occurred over the next 2 months ( Figure 1A ). Retinae from AAV-infected mice were harvested at different postnatal days and imaged for native GFP fluorescence. GFP expression in cones showed the stereotypical center-to-periphery progression of cone death in of mitochondria (40) , the major endogenous source of ROS (41) . Using shRNA constructs to reduce either of these enzymes in photoreceptors led to an increase in oxidative damage and rapid cell death (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI79735DS1), demonstrating their importance in photoreceptor survival. Despite the hyperoxic environment and increased oxidative stress experienced by cones during rod degeneration in RP mice (29, (42) (43) (44) , these antioxidant enzymes were not upregulated ( Figure 1, F-I ). To provide a specific and long-term approach to enhance the antioxidative capacity of cones, it was possible that AAVs encoding such genes might prolong their survival. We thus selected SOD2 and catalase as an initial set of antioxidant genes, because transgenic overexpression of these 2 enzymes had been reported to promote cone survival in a mouse model of RP (31) .
Production of AAV vectors encoding antioxidative enzymes and TFs. In search of a strong promoter for gene expression in cones, we tested GFP reporter expression driven by several types of promoters that are either ubiquitous or specific to photoreceptors (Supplemental Figure 2 ). AAV vectors (10 12 -10 13 genome copies [gc]/ ml) were packaged in the serotype 8 capsid, which is effective for photoreceptor infection (45, 46) , and were delivered subretinally to P0 mouse eyes. Human CMV immediate-early (IE) promoter, a broadly expressed promoter, drove robust expression in cones. Virtually every cone was brightly labeled by GFP throughout the retina, with some rods and retinal pigment epithelium (RPE) cells also expressing GFP ( was done previously (31) , and the number of bright GFP + cells in the outer portion of each retina was quantified ( Figure 3N ). Cone densities in both AAV-treated groups were comparable to those of WT (CD1) mice at P30, demonstrating that major cone death had not yet spread to the mid-retina at this stage ( Figure 3O ). By P50, cone degeneration had rapidly progressed so that, in the this model (ref. 48 and Figure 3 , J and L). For evaluation of cone survival, we examined the mid-retinal region (1.5 mm from the optic nerve head), as it represented the average degenerative status of the retina ( Figure 3 , K and M). To quantify cone density, four 250 μm × 250 μm squares, located 1.5 mm dorsally, nasally, ventrally, and temporally to the optic nerve head, were chosen, as 131 ± 10 cells/0.0625 mm 2 , P < 0.01) ( Figure 3O ). To ensure that the rescue effect was not specific to the mid-dorsal retina, we also quantified cone density in the entire central retina. Although cone degeneration was more advanced in the central region, we nonemid-retina, the cone numbers were markedly reduced in the control rd1 mice that received only the AAV-GFP vector ( Figure 3O ). In contrast, AAV-SOD2-2A-CAT-treated retinae had significantly higher cone density than did the GFP controls at P50 (196 ± 8 vs. Table 1 . Error bars represent the mean ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.0001 by 2-way ANOVA. (I and J) Flat-mounted P110 rd10 retinae infected with AAV vectors expressing GFP (n = 6) (I) and GFP and NRF2 (n = 13) (J). (K and L) Higher-magnification images of the mid-dorsal retinae. (M-P) Flat-mounted P160 Rho -/-retinae infected with AAV vectors expressing GFP (n = 9) (M) and GFP and NRF2 (n = 6) (N), with high-magnification images (O and P). (Q) Quantification of cone density in P110 rd10 and in P160 Rho -/-retinae. The number of retinae quantified for each group is shown at the bottom of each bar. Error bars represent the mean ± SEM. **P < 0.01 by unpaired 2-tailed Student's t test. Scale bars: 1.5 mm (B-D, I, J, M, and N); 50 μm (E-G, K, L, O, and P).
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jci.org Volume 125 Number 4 April 2015 theless observed rescue effects similar to those measured in the mid-periphery (Supplemental Figure 6 ). At P70, a very late stage of rd1 degeneration, the difference between the SOD2 plus catalase-treated retinae and the control retinae was minimal (80 ± 9 vs. 76 ± 10 cells/0.0625 mm 2 , P > 0.05) ( Figure 3O ). These results demonstrate that SOD2 and catalase overexpression can slow down, but not stop, cone death.
Greater cone survival in retinae treated with AAV expressing NRF2 but not PGC1a. Delay of cone death by overexpression of the antioxidant enzymes encouraged us to develop a more efficient antioxidant therapy. Compared with antioxidant enzymes, which work on specific ROS and are restricted to particular cellular compartments, master antioxidant TFs may provide broader, and thus more effective, protection. NRF2 and PGC1a are 2 such TFs, with some overlapping, but largely separate, target genes (10, 13, 14, 49) . We made 2 separate AAV vectors (AAV-NRF2 and AAVPGC1a, Figure 4A ) and added them together, or separately, to rd1 eyes to determine whether they could rescue cone survival. The 2 were tested together to determine whether they worked additively, or even synergistically. We observed cone rescue by NRF2 plus PGC1a, and by NRF2 alone, but not by PGC1a alone (Figure  4 , B-G). Overexpression of NRF2 alone resulted in a slightly better rescue than did the 2 genes together, while PGC1a overexpression accelerated cone death, as best seen at the P30 time point (Figure 4H) . These results suggest that NRF2 was responsible for the rescue effect seen when the 2 TFs were added together, and thus AAV-NRF2 alone was used for subsequent experiments. Quantification of cone density showed that there were more cones left in the NRF2-treated retinae than in the control retinae (255 ± 17 vs. 131 ± 10 cells/0.0625 mm 2 , P < 0.0001) or in the SOD2-CATtreated retinae (255 ± 17 vs. 196 ± 8 cells/0.0625 mm 2 , P < 0.05) ( Figure 4H ). The rescue effect seen with NRF2 was also more persistent. At P70, there were still significantly higher cone numbers in the NRF2-treated retinae than in the controls (159 ± 12 vs. 76 ± 10 cells/0.0625 mm 2 , P < 0.001) ( Figure 4H ). To test whether antioxidant therapy could be used to treat RP retinae caused by various genetic lesions, we examined the effect of AAV-NRF2 treatment on cone survival in 2 other RP models: rd10 and Rho -/-. rd10 has a different mutation in the phosphodiesterase β gene and has a slower rate of degeneration than does rd1 (50) . The Rho -/-mice are null for the rhodopsin gene, the most common disease-causing gene in autosomal forms of RP (51) , and provide a slower model of degeneration than either of the phosphodiesterase β strains. We found that NRF2 overexpression prolonged cone survival in both models (Figure 4 , I-Q). This result suggests that antioxidant AAV vectors may be used as a generic therapy for multiple types of RP patients, regardless of their genetic lesion.
Improved morphology in retinae treated with AAV-NRF2. Photoreceptors have specialized morphological domains for the capture of light and phototransduction. The light-sensitive outer segments (OSs) are enriched in phototransduction proteins, while the ISs are densely packed with ribosomes and mitochondria. In diseased retinae, vision is compromised when cone OSs and ISs degenerate, which occurs before cone death. We thus evaluated whether antioxidant therapy not only prolongs cone survival, but preserves the structure of cone OSs and ISs as well. The treated retinae were stained with PNA, which outlines cone OSs and ISs. A high percentage of cones in the NRF2-treated rd1 retinae had PNA-stained structures resembling OSs and ISs, while cones in the control rd1 retinae lacked PNA + structures at P50 ( Figure 5 , A-C). This observation was made as early as P30 ( Figure 5, D and E) , before the onset of cone death in rd1 retinae. We also looked at the opsin proteins, which localized to cone OSs in WT retinae ( Figure 5F ). However, opsin proteins were shown to mislocalize to cell soma, rather than to OSs, in degenerating retinae (52), as was evident in P160 Rho -/-retinae ( Figure 5, G-I) . In AAV-NRF2-treated Rho -/-retinae, opsins colocalized with PNA in the OSs and ISs, even though the remaining OS/IS structures were not as long as those in the WT retinae ( Figure 5, F-L) . Similar results were seen in rd10 retinae with NRF2 overexpression (data not shown). These observations suggest that antioxidant AAV vectors not only prolong cone survival, but also preserve an important functional domain of cone photoreceptors.
Oxidation is reduced in retinae treated with AAV-NRF2. We next asked whether the rescue effect by antioxidant therapy was associated with reduced oxidation. Using hydroethidine, a dye that emits red fluorescence upon reacting with superoxide radicals, superoxide levels were evaluated in the NRF2-treated and control retinae. There was strong red fluorescence in the control P40 rd10 retinae, as seen in cross-sections, especially in the outer nuclear layer (ONL) (Figure 6, A-C) . In contrast, we found minimal signal in the retina treated with AAV-NRF2 ( Figure 6 , D-F), suggesting that there was a reduced level of superoxide radicals. Photoreceptor cells are susceptible to oxidative stress, as they have high levels of polyunsaturated fatty acids. We examined the level of lipid peroxidation by immunostaining for acrolein, a marker of lipid peroxidation. The level of acrolein staining was greatly reduced in retinae with NRF2 overexpression (Figure 6 , G-L). These results suggest that AAV-NRF2 can effectively protect cones from oxidative damage.
Improved function in retinae treated with AAV-NRF2. To test whether the prolonged survival and preserved morphology effected by antioxidant gene therapy translated into improved vision, we evaluated the visual acuity of rd10 mice using an optomotor assay (53) . The assay was performed under the brightest luminance setting (60 cd/m 2 ) to assay cone response. We first carried out a time-course study of visual acuity of untreated rd10 mice and found that their visual acuity dropped quickly between P30 and P60 ( Figure 7A, white boxes) . The left and right eyes of untreated rd10 mice consistently showed very similar visual acuity levels (right eye/left eye [R/L] ratio of ≈1), despite the variation among animals ( Figure 7B, white bars) . Therefore, the uninjected left eyes were used as within-animal controls for the AAV-injected right eyes of the treated mice. We next measured the visual acuity of rd10 mice treated with AAV-GFP alone or with AAV-GFP plus AAV-NRF2 over the course of degeneration. In all animal groups, we observed a similar rate of decrease in visual acuity in the left eye, while visual acuity in the right eye treated with AAV-GFP plus . In this experiment, GFP, SOD2 plus catalase, or NRF2 AAV vectors were packaged by AAV serotype 2 capsids and delivered intravitreally for RGC expression 14 days before ONC (39) . Retinae that received AAV vectors encoding SOD2 and catalase, or those encoding NRF2, retained significantly more RGCs than did the control retinae expressing GFP 2 weeks after ONC ( Figure 8 , A-C). The rescue effect on RGC survival extended to at least 4 weeks after ONC ( Figure 8D ). The effect was limited to survival, as axonal regeneration was not promoted by either type of antioxidant vector (Supplemental Figure 7) .
Discussion
We have successfully developed an antioxidant gene therapy that prolongs neuronal survival in mouse models of acute and slow neurodegeneration. Overexpression of NRF2, a master antioxidant TF, and overexpression of SOD2 and catalase, 2 antioxidant enzymes, slowed down cone cell death across 3 photoreceptor degeneration models. Importantly, cone morphology and visual function were preserved as well. This rescue effect also was observed in a nerve crush model in which neurons die rapidly due to acute injury to their axons. Since fundamentally different cell types were rescued with these treatments, gene therapy using endogenous antioxidant defense mechanisms may be effective for many types of neurodegenerative diseases. Moreover, these vectors may be beneficial in other tissue and disease types, since NRF2, SOD2 and, catalase are broadly expressed (55) .
An important foundation for this study was the work by the Campochiaro group, who demonstrated that daily administration of antioxidants, or transgenic overexpression of SOD2 and catalase, was able to slow cone death in RP mice, e.g., out to P35 in rd1 mice and to P50 in rd10 mice (30, 31, 56) . Directed and stable expression of antioxidant enzymes or TFs by AAV vectors, which have proven to be safe and effective for ocular gene therapy in clinical trials (57-59), should provide long-term protection for chronic diseases such as RP. As mentioned above, long-term and high doses of antioxidants may have side effects in humans and, in any case, are difficult to achieve and have not been effective in clinical trials (4-7).
Another instructive aspect of this study is the comparison of the rescue effects of 2 master antioxidant TFs, PGC1a and NRF2, with each other, and with SOD2 and catalase. Both of these TFs have been proposed to be survival-promoting agents for neurodegenerative diseases (16, 60) . However, there have been no studies comparing their effects and only a few studies that have examined AAV-NRF2 decreased more slowly ( Figure 7A ). Our evaluation of the therapeutic effect was based on the ratio of R/L eye visual acuity, which minimized the variations among littermates as well as between litters. An increase in R/L eye visual acuity ratios in the NRF2-treated (1.34 ± 0.12) animals compared with the ratios in the GFP-treated rd10 animals (1.07 ± 0.04) was observed at P40 ( Figure 7B) . The difference between treated and untreated eyes became more significant at P50, such that the visual acuity in the right eye of NRF2-treated animals was almost 2 times better than that in the left eye (1.92 ± 0.17 vs. 1.00 ± 0.11) ( Figure 7B ).
Antioxidant treatment with AAV-NRF2 also led to the preservation of cone function, as shown by the b-wave amplitude when photopic electroretinography (ERG) was performed. Better waveforms and a significantly higher R/L eye ratio of b-wave amplitude were seen at P40 in the NRF2-treated rd10 retinae than in the GFP control retinae (1.20 ± 0.25 vs. 0.84 ± 0.09, P < 0.05) (Figure 7, C and D) .
Additional types of neurons can be preserved by AAV-NRF2 gene therapy. Finally, we wanted to determine whether antioxidant gene therapy might be extended to other cell types in which oxidative stress has been implicated in cell death. For example, when nerves are severed or crushed in traumatic accidents, neurons often exhibit oxidative damage (33, 35) . We tested the antioxidant AAV vectors in an axonal injury model for RGCs, in which more than 80% of the RGCs die within 2 weeks after optic nerve crush (ONC) (36, 38, (68, 69) . Interestingly, SOD2 knockdown in the RPE induces early AMD phenotypes (70) , and many additional lines of evidence suggest that oxidation plays a role in AMD. These vectors may thus be useful in this disease, particularly for dry AMD, which has no effective treatment and is quite common in individuals over the age of 75 (71) . The antioxidant gene therapy demonstrated here can significantly slow down cone death such that, in the fastest model of degeneration, the rd1 mouse, there are more cones present in the NRF2-treated retinae than in the GFP-treated retinae at P70. It is not clear, however, how to extrapolate these effects to humans. It could be the case that, given the larger retina and slower disease kinetics in humans, cone survival will occur over a much longer period following NRF2 overexpression. However, the antioxidant gene therapies did not completely stop cone degeneration. Cone death in RP is unlikely to be caused only by oxidative stress. Rather, cone death is likely due to a combination of stress factors including, but not limited to, metabolic dysregulation (48), lack of trophic factors (72) (73) (74) (75) (76) , and inflammation (77) . While antioxidant gene therapy can be used as a standalone treatment, it can also supplement other gene therapies. It might be particularly useful in the case of optogenetic therapy (78) . Dysfunctional cones in RP mouse models were shown to respond to light that activated an optogenetic protein, halorhodopsin, which was delivered by an AAV (79) . Optogenetic therapy is thought not to extend the lifespan of RP cones, but rather to extend the period during which they are functional. Augmenting optogenetic therapy with a survival-promoting therapy, such as that developed here, might extend the period of survival and function. Fortunately, AAV is a suitable vector for such combinatorial gene therapy, as confirmed by our the effects of overexpression of either of these genes (18-20, 24, 25) . Overexpression of NRF2 alone exhibited a better rescue effect on photoreceptor survival and function than did overexpression of SOD2 and catalase. This result is likely because NRF2 not only promotes the expression of SOD2 and catalase, but also orchestrates the induction of other antioxidant genes, including Gpx, peroxiredoxins (Prx), and many glutathione-and NADPH-regenerating enzymes, resulting in a broader and more balanced regulation of various ROS intermediates in different cellular compartments (11, (61) (62) (63) . Beyond antioxidation, NRF2 is also suggested to mediate cytoprotective and antiinflammatory effects via its downstream targets such as NAD(P)H dehydrogenase, quinone 1 (NQO1) and heme oxygenase-1 (HO-1) (11, 61, 62) . Our results suggest that small-molecule NRF2 activators, including the FDA-approved drug dimethyl fumarate (BG-12), currently used for multiple sclerosis (64, 65) , may be a useful therapeutic agent for retinal degeneration. While it is highly speculative at this point, our results provide the rationale for testing the effects of BG-12 on animal models of RP. In contrast to NRF2 overexpression, PGC1a overexpression accelerated cone death. This result might be due to activities of PGC1a beyond antioxidant regulation, such as induction of angiogenesis (66) . However, the reason for the detrimental effect of PGC1a overexpression needs further investigation. Nonetheless, our results are consistent with a report that overexpression of PGC1a led to overt degeneration of dopaminergic neurons in the adult rat nigrostriatal system (67) , suggesting that it may be important to keep PGC1a at a physiological level in some cellular contexts. It is also interesting to note that the expression of PGC1a was already high in normal and diseased retinae, whereas NRF2 was undetectable by IHC (data not shown). Thus, the overexpression of PGC1a may send the level over a threshold that cells cannot tolerate.
There is exceptional genetic heterogeneity associated with retinal degeneration diseases, with approximately 200 disease genes and thousands of mutations identified in humans leading to blindness (27) . Addressing each genetic deficit would be a dif- Figure 8. RGC survival at 2 and 4 weeks after ONC. (A-C) Immunostaining of RGC cells in retinal flat mounts. Two weeks before ONC, the eyes of adult C57Bl/6J mice received an intravitreal injection of AAV2 vectors expressing GFP (n = 4) (A), SOD2-2A-CAT (n = 6) (B), or NRF2 (n = 6) (C). Retinae were harvested 2 weeks after ONC and stained for β3-tubulin (Tuj1) (green), a specific RGC marker. (D) Quantification of RGC survival at 2 weeks and 4 weeks after ONC. Numbers were normalized to the WT C57Bl/6J retinae without ONC. The number of retinae examined in each group is shown in each bar. Error bars represent the mean ± SEM. *P < 0.05 and **P < 0.01 by 2-way ANOVA.
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evidence that the NRF2 pathway is among those that are mostly differentially regulated during the course of Parkinson's disease (87, 88) , and activation of the NRF2 pathway by small molecules or by transgenic overexpression has been shown to slow down neuronal loss and disease progression in animal models of Parkinson's disease (89, 90) . However, there are also alarming reports of NRF2 activation in cancer cells, suggesting a potential risk of systemic upregulation of NRF2 (91, 92) . Here, we demonstrate an alternative therapeutic strategy using targeted overexpression of NRF2 via AAV, thereby providing specificity as well as longevity of treatment that may benefit a range of pathological conditions.
Methods
Animals. CD1 and rd1 (FVB/N) mice were purchased from Charles River Laboratories. C57Bl/6J and rd10 mice were purchased from The Jackson Laboratory. Rho -/-mice were provided by Janis Lem (Tufts University, Boston, Massachusetts, USA) (51). All mice were kept on a 12-hour light/12-hour dark cycle. AAV vector construction and virus production. Mouse full-length cDNA clones of SOD2 (MMM4769-99609684) and catalase (MMM-4769-99609855) were ordered from Thermo Scientific. The peroxisome targeting signal (PTS) (aa sequence GSHMAAKGKANL) of catalase was removed, and the mitochondrial targeting sequence (referred to as OTC; forward primer: 5′-AAGAATTCATGCTGTTTA-ATCTGAGGATCCTGTTAAACAATGCAGCTTTTAGAAATGGTC ACAACTTCATGGTTCGAAATTTTCGGTGTGGACAACCACTAC AATCGGACAGTCGGGACCCAGC-3′; reverse primer: 5′-AT ATGC-GGCCGCTTAGGCCTGCGTGTAGGTGTGA-3′) from the ornithine transcarbamoylase gene was added following a PCR reaction, as previously described (31) . SOD2, 2A (the self-cleaving peptide for gene coexpression; ref. 93) , and catalase sequences were ligated together using Gibson Assembly Master Mix (New England BioLabs), and the entire SOD2-2A-CAT sequence was cloned into AAV-MCS8 empty vector (Harvard Medical School DF/HCC DNA Resource Core) via EcoRI/NotI sites. Woodchuck hepatitis virus posttranscriptional element (WPRE) was inserted at the 3′ end of the cassette for enhanced expression. The mouse cDNA clone of NRF2 (MMM1013-202763164) was obtained from Thermo Scientific and inserted into the AAV-MCS8 vector with NotI restriction sites added to both the 5′ and 3′ ends. Mouse Ppargc1a cDNA was provided by Bruce Spiegelman (Dana Farber Cancer Institute, Boston, Massachusetts, USA) and was cloned into AAV-MCS8 via NotI/XhoI sites. AAV-CMV-GFP vector plasmid was obtained from the Harvard DF/HCC DNA Resource Core (clone ID: EvNO00061595) and contained a human CMV enhancer/promoter, human β-globin intron, and GFP cDNA.
Recombinant AAV8 and AAV2 vectors were produced as previously described (94) . Briefly, AAV vector, rep/cap packaging plasmid, and adenoviral helper plasmid were mixed with polyethylenimine and added to HEK293T cells (catalog HCL4517; Thermo Scientific). Seventy-two hours after transfection, supernatant was collected for AAV8 preparations, and cells were harvested for AAV2 preparations (95) . AAV8 viruses in the supernatant were precipitated (mixed with 8.5% w/v PEG-6000 and 0.4 M NaCl for 2 hours at 4°C), centrifuged at 7,000 g for 10 minutes, and resuspended in virus buffer (150 mM NaCl and 20 mM Tris, pH 8.0). For AAV2 viruses, the cell pellet was resuspended in virus buffer, followed by 3 cycles of freeze-thawing, and Dounce homogenized. Cell debris was pelleted at 5,000 g for 20 minutes, and the supernatant demonstration of a high coinfection rate (Supplemental Figure 5) . In addition to augmenting optogenetic therapy, gene therapy that works against oxidative stress or provides growth factors may also be used as a supplement for stem cell therapy to allow engrafted photoreceptor cells to survive in a noxious host environment.
Many RP patients are not diagnosed until their cones begin to degenerate, when daylight vision is compromised following the loss of many or most rods. In such cases, early intervention, such as gene replacement therapy to save rods, is not possible. In this study, we performed neonatal AAV injection, which has the benefit of allowing the viral inoculum to spread throughout the retina. Future work is needed to determine whether the benefits can be achieved by delaying antioxidant AAV injection, for example, to a time point at which most rods are gone. One promising possibility is that, given the large size of the human eye and the progression of loss of cone vision from the periphery to the center, inoculation into the areas at the advancing front of cone loss will suffice to delay cone degeneration and protect the patient's most valuable central vision. It also will be interesting to examine whether NRF2 overexpression not only rescues cones, but also promotes cone OS regeneration, as cone OSs are the site of phototransduction, and their presence is correlated with function (79) .
We also observed a neuroprotective effect of the antioxidant AAV vectors on RGC survival after ONC, a model of acute axonal injury. Acute axonal injury also occurs in spinal cord injury, in which motor neurons are the cell type that is compromised, as they are in several slower, but devastating diseases, such as amyotrophic lateral sclerosis (ALS). Overexpression of NRF2 in stem cell models of ALS showed a benefit, though in vivo delivery was too inefficient to allow an interpretation of effectiveness in vivo (25) . Similarly, studies using a lentivirus encoding NRF2 in a mouse model of acute spinal cord injury were inconclusive due to deleterious effects of the lentivirus itself (19) . Nonetheless, the occurrence of oxidative damage in these conditions warrants further investigation of the effectiveness of NRF2 overexpression. In the eye, axonal damage in the vicinity of the lamina cribrosa compromises RGCs, leading to their loss and the concomitant loss of vision, as occurs in glaucoma (32) . Oxidative stress has been suggested to play a role in the pathogenesis of glaucoma (68) . In the ONC model, the presence of superoxide anion is an early sign of RGC apoptosis, and intravitreal injection of polyethylene glycolconjugated SOD promoted RGC survival up to 2 weeks after axotomy (33) . A study of Nrf2-deficient mice showed that there was a lower number of RGCs after ONC, supporting the role of NRF2 in protecting RGCs after injury (80) . Consistent with these previous studies, the experiments reported here showed that AAV-mediated antioxidant gene therapy prolonged RGC survival.
Oxidative stress is often observed in neurodegenerative disorders, such as Parkinson's Disease (1, (81) (82) (83) . It likely has an impact on multiple pathological pathways, such as mitochondrial dysfunction and inflammation, and is an important link in the cascade of vicious events that lead to neuronal death. For example, mitochondrial dysfunction caused by complex I deficiency in Parkinson's disease can lead to enhanced production of ROS, which in turn can cause the accumulation of mitochondrial protein damage and mitochondrial DNA mutations that further impair the assembly or function of the respiratory chain (84) (85) (86) ABIN96131; antibodies-online); rabbit anti-β3-tublin (1:500; ab18207, Tuj1 clone; Abcam); and rhodamine-conjugated and FITC-conjugated PNA (1:1,000; Vector Laboratories). Sections or whole retinae were stained using secondary antibodies, including donkey antirabbit CY3, donkey anti-rabbit Alexa Fluor 647, and donkey anti-goat Alexa Fluor 647 (all used at 1:1,000; Jackson ImmunoResearch), and were costained with DAPI in the dark for 2 hours at room temperature and mounted in Fluoromount-G (SouthernBiotech). Images of flat-mounted retinae were taken using a ×10 objective with tile scans, and all other images were taken using a ×40 objective with Z-stacks on a Zeiss LSM780 confocal microscope. Images used for comparison between groups were taken side by side at the same confocal settings. Statistics. For cone density quantification, retinae were masked for their treatment groups. In each retina, four 250 μm × 250 μm squares, located 1.5 mm dorsally, nasally, ventrally, and temporally to the optic nerve head, were chosen to represent the average cone density in the respective leaflets. The number of bright GFP + cells was quantified with ImageJ software (NIH). One number, averaged from the 4 squares, represented the cone density for 1 retina. Statistical analysis of cone densities between groups at different stages ( Figure 4H ) was carried out using 2-way ANOVA. A P value of less than 0.05 was considered statistically significant. RGC survival was quantified in 8 rectangular areas (420 μm × 560 μm) in the flat-mounted retinae, with 1 image captured 1 mm and 1 captured 2 mm from the optic nerve head in each of the 4 leaflets by a fluorescence microscope (E800; Nikon). Tuj1 + cells were counted using
ImageJ software, and cell densities were averaged from 8 areas of 1 eye and normalized to the average number of RGCs in the WT C57BL/6 retinae. Data are represented as mean percentages ± SEM. Statistical analysis between groups was performed using 2-way ANOVA. A P value of less than 0.05 was considered statistically significant. All other statistical analyses between 2 groups were performed using the unpaired 2-tailed Student's t test. A P value of less than 0.05 was considered statistically significant.
Study approval. All animal procedures performed were approved by the IACUC of Harvard University, and animal care was carried out in accordance with institutional guidelines.
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AAV8-CMV (SV40 intron)-GFP plasmid (plasmid ID: PV0101) used in Supplemental Figure 3 was obtained from the University of Pennsylvania Vector Core (Philadelphia, Pennsylvania, USA), and the AAV8 serotype-packaged viruses were a gift of the Gene Transfer Vector Core (Schepens Eye Institute, Boston, Massachusetts, USA) AAV injection. Subretinal injection into P0 neonate eyes was performed as previously described (96, 97) . Approximately 0.3 μl AAV8 (10 12 -10 13 gc/ml) was introduced into the subretinal space using a pulled angled glass pipette controlled by a FemtoJet (Eppendorf). The left eyes were uninjected for within-animal controls.
Optomotor assay. Visual acuity was measured using an Optometry System (CerebralMechanics Inc.) as previously described (53) . All tests were performed between 9 am and 2 pm. Mice were placed on the platform and allowed to habituate to the chamber for 5 minutes. They were assessed for reflexive head-tracking movements in concert with the rate of a virtual sine wave grating on the surrounding monitors, and the visual acuity threshold was determined at the highest spatial frequency (cycle/degree) when the animal stopped tracking. Testing was done with a grating of 12 degrees/second drifting speed and 100% contrast. The right and left eyes were tested independently, as they responded separately to counterclockwise and clockwise grating rotations, respectively (98) . A staircase procedure was used, in which the observer tested low to high visual acuity. Each animal was tested for 5 to 15 minutes per session, and testing began right after weaning and lasted for 1 to 2 months, until no obvious response was observed in either eye. The individual who tested the animals was blinded to the treatment groups.
ERG. An Espion E3 System (Diagonsys LLC) was used for recording ERGs in rd10 mice. Mice were anesthetized, and the pupils of both eyes were dilated. Photopic ERG was performed according to a published protocol (31) ONC. Adult C57BL/6J mice were obtained from the Jackson Laboratory. Mice received an intravitreal injection of AAV2 vectors at 8 to 10 weeks of age. Intravitreal AAV injection and ONC surgery were performed under general anesthesia as previously described (36) . Briefly, approximately 3 μl AAV2-GFP (control vector), AAV2-NRF2, or AAV2-SOD2-2A-CAT (all with ~5 × 10 12 gc/ml titer) was injected into both eyes of each mouse. Fourteen days after AAV injection, the optic nerve was crushed for 5 seconds at 0.5 mm from the optic nerve head using forceps. Mice were sacrificed 2 weeks or 4 weeks after the ONC surgery, and their retinae and optic nerves were harvested for IHC to quantify RGC survival and axonal regeneration (see the Supplemental Material for details on the RGC axonal regeneration analysis and quantification method). Histology. Eyes were enucleated and marked for orientation on the dorsal periphery. Retinae were dissected and fixed in 4% formaldehyde for 30 minutes at room temperature. For retinal sections, fixed retinae were cryoprotected in 5%, 15%, and 30% sucrose in PBS for a few hours and embedded in OCT on dry ice. Sections (20 μm thick) were cut on a cryostat (Leica). Retinal sections or whole
